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Summary

An effort is in progress by the National Aeronau-

tics and Space Administration (NASA), the Federal

Aviation Administration (FAA), and industry to re-
duce the threat of convective microburst wind-shear

phenomena to aircraft through hazard characteriza-

tion, improved detection and warning, development

of recovery flight techniques, and crew training. The

goal of this study was to develop and test a candi-
date set of strategies for recovery from inadvertent

microburst encounters during takeoff. The assump-

tions are made that the presence of the microburst

is not known until the airplane enters it and that the

structure and strength of the flow field ahead of the

airplane are not known. Candidate strategies were

developed and evaluated using a fast-time simulation

consisting of a simple point-mass performance model

of a transport-category airplane flying through a

simple analytical microburst model.

The results of this study indicate that the char-

acteristics of a recovery strategy that best utilize

available airplane energy in a takeoff microburst en-

counter include an initial reduction in pitch attitude

early in the encounter to reduce the climb rate, fol-

lowed by an increase in pitch-up to the stick-shaker
angle of attack. The stick-shaker angle of attack

should be reached just as the airplane is exiting the

microburst. The shallowest angle of climb necessary
for obstacle clearance should be maintained. If the

altitude is higher than necessary, an intentional de-

scent to reduce the airspeed deceleration should be
used. The rate of descent must be small and varied

with altitude to prevent undershooting a given min-
imum altitude. Minimum altitudes reached during

recoveries were, in general, very sensitive to small

changes in microburst strength; 5-percent changes

in shear strength produced an average of 60-percent

change in recovery altitude. Of five strategies tested,

two strategies based on flight-path angle stood out

as having the highest recovery altitudes and the least

sensitivity to variations in the encounter scenarios.

Introduction

Numerous air-carrier accidents and incidents have

resulted from inadvertent encounters with the atmo-

spheric wind shear associated with microburst phe-
nomena; some of these accidents have resulted in

heavy loss of life. A microburst is a strong, local-
ized downdraft that strikes the ground, producing

winds that diverge radially from the impact point.

An airplane penetrating the center of a microburst

initially encounters an increasing head wind, which

improves airplane climb-angle performance, and then

encounters ,a strong downdraft and a rapidly increas-

ing tail wind. The effects of the downdraft and in-

creasing tail wind may easily exceed the climb and

acceleration capabilities of the airplane, which would

cause an unavoidable loss of altitude and airspeed.
These encounters have resulted from the fact that the

microburst and its impact on airplane performance

have been recognized for only a relatively short time

(refs. 1 and 2), and from the fact that the ability
to reliably predict or detect a microburst in an air-

plane's flight path, in an operational environment,

does not yet exist. The physics of microburst winds

have only recently been understood in detail, and re-

covery during inadvertent airplane encounters may

require techniques that are unique to microbursts

and counterintuitive to flight crews.

Previous research has been conducted on con-

trol strategies for maintaining a given flight path in

the presence of strong wind shears (refs. 3 and 4).
These studies have developed control laws to permit

the airplane to track a predefined path, such as the

glide slope of an instrument landing system. This

tracking will be possible in many wind-shear encoun-

ters but will not be possible if the shear is severe.

With currently available sensors, the severity of a
shear cannot be known until the airplane has suc-

cessfully flown through it. Other research (ref. 5) has

shown the performance available from an airplane

following an optimal trajectory when full knowl-

edge of the microburst flow field is known. In that

study, the emphasis was on escape from inadvertent

microburst encounters, and the trajectory was a re-

sult of the optimization procedure, not an assumed

goal. Later research by the same authors consid-
ered wind-shear recovery performance when only lo-

cal wind knowledge is available (ref. 6), and consid-

ered the maneuvering required of the pilot (ref. 7).

This paper describes an effort aimed at develop-

ing techniques for flying "near-optimal" trajectories,

during inadvertent microburst encounters, when the

flow field ahead of the airplane is not known. Only
the takeoff microburst encounter case is considered.

Lessons learned from previous and ongoing research

were used to develop five candidate microburst es-

cape strategies. The characteristics of these strate-

gies were then evaluated using a fast-time simula-

tion consisting of a simple point-mass performance

model of a transport airplane flying through a simple
microburst model. Additional refinements to the

candidate recovery procedures were then made. The

sensitivity of the candidate recovery strategies to

slight variations in microburst strength and en-
counter conditions was determined. The study was

done in preparation for a planned piloted simulation

study of microburst recovery guidance.



Symbols

Vahws arc expressed in U.S. Custonlary Units. A

(tot above a symbol denotes a derivative with respect

to time. The units presented were used in derivations
and conlputer software. Units in common use in the

aircraft industry were used in cockpit displays and for
discussion in tile text; these units are shown below

in parentheses.

A gradient of horizontal flow in

axisymmetric shear, per see

CD nondimensional drag coefficient

CD.o drag coefficient at zero angle of
attack

nondimensional lift coefficient

lift coefficient at zero angle of
at taek

lift coefficient change with angle

of attack, per tad

airplane total drag, lbf

airplane total energ% ft-lbf

specific total energy (energy per

unit weight), also called energy
height, ft,

"F-factor" measure of wind-

shear impact on capability of

airplane flight-path angle, rad

wind-shear term in acceleration

strategy algorithm

gravitational accelerat ion,

ft/sec 2

airplane altitude, ft

airplane potential rate of climb,

ft/sec (ft/nfin)

gain in flight-path-angle

strategy law

horizontal wind gain in
microburst model

total airplane lift, lbf

airplane mass, slugs

dynamic pressure, lbf/ft 2

radial distance from stagnation

point in axisymmetric down-
flow, ft

(?L_

D

E

E,_

F

(;

h

hp

K

KW

L

Wt

q

F

2

S airplane wing area, ft 2

T total engine thrust, lbf

t time, see

TEMP a temporary value in

computations

U radial wind speed in axisym-

metric downflow, ft/sec

V airplane true airspeed, ft/sec

(knots)

V9 airplane ground speed, ft/see
(knots)

W airplane weight, lbf

Wh vertical wind speed, up positive,

ft/sec (ft/min)

Wx horizontal wind speed, tail wind

positive, ft/sec (knots)

XL width of horizontal wind gradi-
ent, ft

X1 starting point of horizontal

wind gradient, ft

x horizontal distance across

ground, ft

z height above flat plate in

axisymmetric downflow, ft

a wing angle of attack, rad (deg)

"Ta flight-path angle with respect to
air mass, rad

'Ta,p t)otential flight-path angle with
respect to air mass, rad

Yi inertial flight-path angle, rad

"Ti,p inertial potential flight-path
angle, rad

A gain in acceleration strategy

0 airplane pitch attitude, rad

(deg)

Energy Concepts

The concepts of airplane total energy and poten-

tial flight-path angle were used in the development

of the guidance strategies and are useful in interpret-

ing the results of the encounters. The airplane flight

path and the wind components are related by the co-

ordinate system shown in figure 1. The airplane total
energy is defined as the sum of the air-mass relative

kinetic energy and the inertial potential energy. Air-

mass kinetic energy is used since only airspeed, not



ground speed, describes the ability of the airplane to
climb or maintain altitude. Inertial potential energy
is likewise used since it. is altitude above the ground
that is useful to the airplane. Airplane total energy
is then defined as

E = 0.5rnV 2 + rngh

where V is airspeed, m is airplane mass, and h

is altitude. The specific total energy (E per unit
weight), or energy height, is defined as

V 2

Es = + h (2)

The rate of change of Es is also the potential
rate of climb of the airplane, assuming a negligible
energy loss when trading airspeed for climb rate, and
is defined as

This quantity can be measured directly by existing
total-energy sensors and displays (ref. 8).

The impact of wind shear on the energy state
of the airplane and the ability of the airplane to
climb in that shear can now be discussed. From

the equations of motion developed in reference 5, the
airspeed acceleration in the presence of shear can be
written as follows:

l) T D= --cos o_----g sin %-I_xcos ya-Whsin "_a
m m

(4)

The term l_h sin ._a is insignificant and can be
dropped. Setting V = 0 and rearranging terms

gives the steady-state air-mass flight-path angle in
the presence of a horizontal wind shear. The cosine
of _a is very close to unity during a microburst
encounter, and this approximation is made in the l_/x
term to produce an analytical equation. No other
small-angle approximations are necessary during the
development of the energy equations. The potential
air-mass climb angle can then be described as follows:

The inertial flight-path angle can be determined
from air-mass flight-path angle as follows:

"_i = tan-1 V sin "_a + Wh (6)

Substituting equation (5) into equation (6) produces
the inertial potential flight-path angle as follows:

,_i,p=tan_l(TCov-D I/VX(_g)g +--_-gWh)

(7)

The actual flight-path angle can be related to the
potential flight-path angle by airspeed acceleration,
because airspeed can be traded for climb gradient
with essentially constant energy rates. From equa-
tion (3),

Flight-path angle is related to rate of climb by

and

Then

= V 9 tan "_/ (9a)

hp = Vg tan "_i,p (9b)

Vgtan-_i = Vgt.an "_i,p-V(_) (10)

Combining equations (7) and (10) and rearranging
terms produces the actual flight-path angle in the
presence of wind shear and airspeed changes as fol-
lows:

= t.an_ 1 (Tcos_- D Wx"7i
g

+ Wh 9) vv o vo
(11)

The two wind terms describe the wind-shear im-

pact on the climb-angle capability of the airplane, in
terms of the horizontal shear and vertical winds, and
are referred to as the "F-factor," where

_Vz W h
(12)

g V

By using small-angle approximations, equa-
tion (11) can be simplified. The equation can be
further simplified by considering only the change in
flight-path angle caused by the shear rate and ig-
noring the change in flight-path angle caused by the
instantaneous wind speed. This is done by setting

V = Vg. The resulting expression for flight-path an-
gle is

T-D l/¢x Wh (7
+ (13)

"_- W g V g

Equations (ll) and (13) describe the impact of
the wind shear on flight path and the ability of the



airplane to compensate through airspeed decelera-
tion. The airspeed margin above the stick-shaker

airspeed can be used to continue a climb or to re-

duce a descent rate. Once the stick-shaker angle of
attack is reached, no further deceleration is available

for the recovery of climb performance. The flight-

management problem can then be considered a ques-
tion of how best to distribute the available reserve

airspeed during a microburst encounter.
The effect of a horizontal wind shear on air-

plane performance is further illustrated by figure 2,
which shows the steady-state climb performance of

the modeled airplane as a function of airspeed for

shears of 0, 1, 2, and 3 knots/sec. Approximate
lines of constant pitch are also drawn. At 160 knots

in a no-wind case, for example, the airplane has a

pitch attitude of about 16 ° and climbs at 2132 ft/min
(point A in fig. 2). Should the airplane instanta-

neously encounter a 2 knot/sec shear, the potential

climb rate falls to 426 ft/min. To maintain the pre-
vious climb rate, the airplane would need to decrease

airspeed. This is not directly indicated in figure 2,

because the climb-rate curves represent the situa-

tion of zero airspeed. Once the stick-shaker speed

of about 125 knots is reached, the pilot has no choice

but to pitch down to maintain airspeed. The po-

tential climb rate at this speed and shear magnitude

is only 74 ft/min (see point B) and would occur at

a pitch attitude of about 15 °. Had the pilot main-

tained the initial airspeed of 160 knots (see point C),
it would have been necessary to pitch down to about

10 °, and the rate of climb would have dropped to

426 ft/min. Had the shear been 3 knots/sec, it would

not have been possible to maintain altitude at any
constant airspeed.

Recovery Strategies

In this effort, five recovery strategies were devel-
oped. The first strategy, pitch attitude, was used as

the strategy from which the others evolved. Upon en-
tering the shear, the pitch-attitude strategy drove the

airplane pitch attitude toward a target value that re-

mained fixed during the recovery. Initial runs showed

that the highest recovery altitude was achieved with

a target pitch of 12 °, and the target pitch was set at

this value for the sensitivity analysis runs.

The second recovery strategy, pitch/vertical-

speed hold, evolved from the pitch-attitude strategy.
In this strategy, the airplane pitched to an initial

target attitude upon entering the shear, as was done

in the pitch strategy. Later, as the rate of climb

dropped to a specified value, the strategy switched
to a control law that held the rate of climb. For the

runs to be presented, the specified rate of climb was
zero.

4

In an effort to refine the previous strategy and

to develop guidance that would be useful during

microburst encounters at very low altitudes, an in-

ertial flight-path-angle recovery strategy was devel-

oped. This technique derived a flight-path angle that
varied linearly from 1.72 ° at zero altitude to 0 ° at an

altitude of 100 ft. Above 100 ft, a 0° flight-path angle

was targeted. After exiting the shear, a flight-path

angle of 60 percent of the potential flight-path angle

was targeted to achieve a climb while accelerating
the airplane. This flight-path angle was maintained
until the pitch attitude was reduced to the initial-

climb attitude. A commanded pitch rate was com-

puted to maintain the desired flight-path angle. This

scheme had the effect of forcing a climb, regardless

of the shear strength, to an altitude of 100 ft to clear

immediate obstacles and then holding level flight as

long as possible. The altitude of 100 ft is a first ap-
proximation of an altitude that would clear obstacles

near most airports, and an analysis of departure-path
obstacles at air-carrier airports would be needed to
refine this altitude.

In an effort to further refine the flight-path-angle

strategy, an enhanced flight-path-angle strategy was

developed. Evaluation runs showed that, when the

airplane entered the shear in certain high-climb-rate

situations, the flight-path-angle strategy had poor

survivability characteristics. The high climb rates

caused the airplane to overshoot the target altitude
(100 ft). The flight-path-angle strategy forced the

airplane to maintain altitude and decelerate rapidly

to the stick-shaker speed, while the pitch strategy

produced a descent. The enhanced flight-path-angle

strategy also forced a climb to 100 ft, but it could pro-
duce intentional descents when above 100 ft. Above

130 ft, the strategy targeted a climb if the poten-

tial flight-path angle "[i,p were positive (weak or no

shear) and targeted a flight-path angle of K"ti,p if 2i,p
were negative. The gain K could be varied from 0,
commanding level flight, to 1.0, which commanded a

constant-airspeed descent. Initial runs showed that

the highest recovery altitude was achieved with a gain
of 0.5, and the gain was set at this value for the runs

described in this report. Between altitudes of 100 ft

and 130 ft, the strategy also targeted a climb if "[i,p
were positive. If "_i,p were negative, a transition from
the descent at 130 ft to level flight at 100 ft was
produced.

The final strategy developed was the accelera-
tion strategy. This was done in an effort to de-

velop guidance that could feasibly be implemented on

airplanes not equipped with inertial reference units.

This strategy decelerates the airplane airspeed as a
function of the microburst strength. In the evalua-

tion runs conducted with strategies based on pitch



andflight-pathangle,theaveragedecelerationofthe
airplaneduringsuccessfulmicroburstencounterswas
abouthalf the horizontalwind rate. This distrib-
uted excesskinetic energyacrossthe shear,rather
thanslowingtoorapidlyto thestick-shakerspeedor
failingto useavailableclimb performance.

For this strategy, the previously developed

F-factor (eq. (12)) was used to quantify the mi-

croburst impact on airplane climb performance as
follows:

l]Vx Wh
F-

g V

The control technique was then governed by the
equation

?
- + = 0 (14)
g

where A is a gain. In a performance decreasing shear,

a gain of zero would produce a constant airspeed
flight path that would pitch the airplane down and

would fail to use available climb performance. A gain
of one would produce a constant ground-speed flight

path that would pitch the airplane up and rapidly use

up the available kinetic energy. Initial runs showed

that the highest recovery altitude was achieved with
a gain of 0.4, and the gain was set at this value for

the sensitivity analysis runs. This control technique

could be implemented in numerous ways, such as

calculating a target airspeed rate and passing it to an

appropriate control law, calculating a target flight-

path angle, or calculating a target angle of attack.
A control law for calculating a target angle of attack

was implemented, and the equations are developed

in the appendix.

Batch Simulation of Microburst Encounters

Recovery strategies were developed and evaluated

using batch simulations of microburst encounters.

A simple point-mass transport-airplane performance

model and an analytical wind model based on ir-

rotational, inviscid, point-stagnation flow against a
flat plate were programmed. The airplane and mi-
croburst models are described in the sections which
follow.

Pitch rate was the control used to meet the objec-

tives of each strategy. A limit of 2 ° per second was

applied to the pitch rate, and negative pitch rates

were generated as necessary to avoid flight above the

stick-shaker angle of attack. The commanded pitch
rate was integrated directly to determine airplane

pitch attitude.

The airplane was initialized in various initial-

climb situations and was flown through the shear.

The shear was typically encountered at an altitude

of about 75 ft, although different initial conditions

were also studied. Only takeoff scenarios were con-

sidered in the present effort. Instantaneous shear de-

tection was assumed. The recovery strategy being

tested became active immediately upon entering the

microburst. Microburst entry is defined subsequently
in the discussion of the microburst model.

Batch Simulation Airplane Math Model

The airplane model was based on a Boeing 737-

100 flying at a gross weight of 100 000 lb with thrust

fixed at 20000 lbf. The landing gear was retracted

and flaps were set at 5 ° . Thrust, gear position, and

flap setting all remained constant during each run.

The stability-axis lift and drag coefficients of the

simulated airplane were defined as follows:

C L = eL, o + CLao_ (15)

CD = KI+K2(CL) + K3(C 2) +K4(C 3) +K5(C 4)

(16)
where a is in radians and

eL, o = 0.2343 CL_ = 6.1077

K1 = 0.08009 K2 = -0.1940 K3 = 0.3519

K4 = -0.2238 K5 = 0.0571

The reference wing area for calculating lift and
drag is 980 ft 2. Standard sea-level air density was

assumed. The equations of motion were developed

in reference 5 using the coordinate system shown in

figure 1 and are repeated here as follows:

= V cos % + Wx

tt=Vsin % + W h

wz_OWx OWx • OWx
Oz (k)+_(h)+ 0---_

Wh_ OWh OWh OWh
Ox 0--Y-

i? T D=--cos a----gsin %
m m

- i)Vx cos % - Wh sin %

T L g
_a= _-_sin a+mV vC°S %

wx Wh
+ ---V--sin % - _ cos %

(17)

(18)

(19)

(20)

(4)

(21)
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Integrationwasperformedwith a 0.01-seestepsize
At as follows:

At (3/:1 - :i,o)
z 2 = x 1 -4-_- (22)

Microburst Model

The microburst consisted of a simple analytical

model based oil an axisynlmetric flow of an irrota-

tional, inviscid fluid against a flat plate. Two wind

components were defined as a function of airplane

position and altitude. These were a horizontal corn-

ponent, along the runway axis, and a vertical compo-
nent. The horizontal wind velocity sheared linearly
from a 40-knot head wind to a 40-knot tail wind over

a ground distance of 5000 ft. The airplane was con-
sidered in the rnicroburst, or in shear, when it was

within this 5000-ft region. The vertical downdraft
was zero at tile surface arid varied as a linear func-

tion of altitude at the rate of about 5.4 if/see per
100 ft. The shear challenged the airplane purely fronl

a performance perspective. No atmospheric turbu-
lence was superimposed on the model.

A solution of tile flow in cylindrical coordinates is

U = Ar (23)

Wh = -2Az (24)

where r is the radius from the stagnation point,

z is the height above the fiat plate, arid A is the

horizontal gradient of the flow. For this effort, the

equations were adapted to rectangular coordinates in
two dimensions, and the horizontal flow was limited

to a finite value beyond an assigned distance from

the stagnation point. In rectangular coordinates, the

axisynmwtric wind components become

Wz = A:r (25)

Wh = -2Ah (26)

where x is the distance from the center of the

microburst and h is the airplane altitude. For this

shear (see fig. 3), the maximum horizontal flow was

represented by KW, and the width of the shear was

represented by XL. Tile gradient in the axisymmet-
ric coordinates was then related to KW and XL by

which yieMed

KW 2KW

A- 0.5XL - XL (27)

2KWx

Wx- XL (28)

6

-4KWh

VVh - XL (29)

In order to begin the airplane runs at X = 0 and to

shift the shear along the X-axis, equation (28) was

modified: this modification produced the following
calculations in tile microburst:

Wx = 2KW(x - Xl) _ KW (30)
XL

-4KWh
Wh - (31)

XL

where X1 is the position of the start of the

microburst. Prior to reaching X1, a constant head

wind was provided, and after exiting the shear a con-

stant, tail wind was provided. This representation

of a mieroburst has weaknesses, in that the hori-

zontal wind remains constant to infinity beyond the
mieroburst width, and the vertical wind is the same

for all horizontal positions. The model remains use-

ful for this effort, because the shear is encountered

very soon after takeoff, the aircraft enters and exits

the shear at low altitude, and the recovery is taking

place near the center of the shear.

Results and Discussion

The various recovery strategies that were devel-

oped had certain characteristics in common. Each

strategy determined the pitch attitude necessary to

accomplish the objectives of the strategy, then com-

pared that pitch attitude with the actual pitch atti-

tude, and commanded a pitch rate to null the differ-

ence. The commanded pitch rate was limited to 2°

per second and was integrated directly to define the
new pitch attitude. Each strategy also attempted to

limit tile angle of attack to the value that activated

the stick shaker. For the flap setting used in this

simulation, the stick-shaker angle of attack was 15 ° .

When the stick-shaker angle of attack was reached,

a negative pitch-rate command was generated to re-
duce the angle of attack. When the angle of attack

was reduced below 15 ° , the airplane attempted to

regain the pitch attitude computed by the strategy.

In each case presented, the run began at an atti-

tude of 40 ft, an airspeed of 160 knots, and a nominal

12 ° pitch attitude. The beginning of the microburst

was positioned 500 ft farther along the flight path. A

few runs were made with an initial pitch attitude of

16 °. In the 12 ° initial climb pitch case, the encounter

with the wind shear began at an altitude of about

75 ft with the airplane climbing 880 ft/min at an air-
speed of 163 knots. In each run, tile initial climb

pitch attitude was maintained until the airplane en-

countered the shear. Immediately after entering the



shear,thecontrollawautomaticallyswitchedto the
selectedrecoverystrategy.Theprimarymeasureof
theperformanceof eachrecoverystrategyis recov-
eryaltitude.Recoveryaltitudeisdefinedasthelow-
estaltitudeencounteredby theairplaneafterit has
begunto descendin themicroburst.

Pitch-Attitude Strategy

The altitude, pitch, and angle-of-attack time his-

tories generated by target pitch attitudes from 10 °
to 14 ° are shown in figure 4. In the case of a 10 ° tar-

get pitch attitude, the airplane crashed with excess

energy still remaining, the angle of attack was nearly
2 ° less than the stick-shaker angle of attack and the

airspeed was 133 knots, about l0 knots above the

lg stick-shaker speed. The average horizontal shear

during the encounter was 3.8 knots/see. The air-

plane decelerated, but only at about 1.4 knots/see.
In the case of a 14° target pitch, the airplane ini-

tially climbed well, and reached a higher maximum
altitude, but reached the stick-shaker angle of attack

prior to exiting the shear while descending through

140 ft at over 700 ft/min. The average shear dur-

ing the climb was 3.3 knots/see, and the airplane

was decelerating at 2.3 knots/see. The angle of at-
tack was at the stick-shaker limit during the final

9 sec of the flight, and the airspeed increased from
a low of 119 knots to the impact speed of 138 knots

during this interval. This trajectory with constant

angle of attack and varying airspeed is characteris-
tic of the phugoid mode and appears in many of the

runs. The best trajectory was obtained with target

pitch attitudes of 12 ° and 13°; only the 12°case is

shown. Both attitudes produced recovery altitudes

of l0 ft. The 12 ° recovery occurred without reaching

the stick-shaker angle of attack, and the 13° recovery

reached the stick-shaker angle of attack for 4 sec. In

the 12 ° run, the average shear during the encounter

was 3.6 knots/see, and the average airplane deceler-

ation was 1.8 knots/see.

Pitch/Vertical-Speed-Hold Strategy

The time histories generated by initial target

pitch attitudes of 10 °, 12 °, and 14 ° are shown in

figure 5. The initial conditions and shear model
for each run were identical to those in the pitch-

strategy runs. The plot shows the ability of the

airplane to fly through this shear, with only a very

slight loss of altitude, to a recovery altitude of 96 ft.

This required an initial decrease in pitch attitude to
10 °, then a gradual increase in pitch as the airplane

slowed in level flight. The maximum pitch achieved

was 16.6 ° , and the stick-shaker angle of attack was

reached for 7 sec, beginning 2 sec prior to exiting
the shear. 'The average shear was 3.6 knots/see and

the average airplane deceleration was 1.9 knots/see.

The 12 ° initial recovery attitude case survived with

a recovery altitude of 51 ft, with ll sec flown at
the stick-shaker angle of attack. In the 14° initial

attitude case, the stick-shaker angle of attack was

reached well before exiting the shear, and the aircraft

crashed. This run excited the phugoid mode, and

the airspeed increased from a low of 113 knots to the

impact speed of 132 knots while flying at the stick-
shaker angle of attack.

The effect, of unnecessary climbs in the presence

of a marginally survivable microburst can be seen.

The 12 ° initial recovery pitch case used more kinetic

energy early in the encounter to climb to 148 ft;
while the 10 ° case used less kinetic energy to climb to

108 ft. The extra altitude was quickly lost though,

when the stick-shaker angle of attack was reached
earlier in the shear.

Flight-Path-Angle Strategy

The time histories generated using the flight-

path-angle strategy are shown in figure 6. The initial
conditions and shear model were identical t.o previous

runs. The airplane leveled at 100 ft, and the angle
of attack reached the stick-shaker limit for 8 see,

beginning just as the shear was being exited. The

pitch attitude was initially lowered from 12 ° to 8°
as the shear was entered, and was then increased to

16.4 ° at the end of the shear, where the stick-shaker

angle of attack was reached. The airplane then
settled to a recovery altitude of 96 ft before climbing

away. The pitch was further increased to 18.5 ° while

maintaining the stick-shaker angle of attack.

A further investigation of the flight-path-angle

strategy for recovery from shears encountered very
close to the ground was conducted. Trajectories for

four takeoff cases are shown in figure 7. In two of

the runs, the shear was first encountered while the

airplane was still on the ground but in the process of

rotating for lift-off. The rotation speed for the math
model was set at 148 knots, with actual lift-off in a

no-shear takeoff occurring at about 162 knots. The

pitch rate was limited to 2°/see. In run "A", the
shear was encountered at an airspeed of 150 knots.

The airplane became airborne about 5 see later, at an

airspeed of 149 knots, and climbed to 60 ft prior to
reaching the stick-shaker angle of attack. The angle
of attack remained at 15 ° until impact.

In run "B", the encounter airspeed was 156 knots.

The airplane became airborne 2 see later and was

able to climb to a height of 70 ft prior to reaching

the stick-shaker angle of attack. The stick-shaker

angle of attack was reached just prior to the end

of the shear, and the airplane settled to a height of

19 ft before resuming a climb. The airplane became



airborneat a pitchof 10°, andgenerallycontinued
to increasein pitch to a maximumof 16.4° prior to
reachingstickshaker.Theaverageshearduringthe
climb was3.8knots/see,andthe averageairspeed
decelerationwas1.9knots/see.

In run "C", theshearwasinitiallyencounteredat
analtitudeof only 5It, at anairspeedof 163knots,
andat apitchattitudeof 12°. Thepitchwasslightly
reducedto 8.5° to limit the rateof climb,andwas
then increasedsmoothlyto 16.5° as the airplane
slowedandclimbedto 80ft. Thestick-shakerangle
ofattackwasreachedfor about7sec,beginningjust
asthe shearwasexited. Theaverageshearduring
theclimbwas3.6knots/seeandtheaverageairspeed
decelerationwas1.9knots/see.

In run "D", the shearwasencounteredat anal-
titudeof 20 ft, at anairspeedof 165knots,andat
a pitchattitudeof 14°. The pitchwasinitially re-
ducedto 7.5° to reduce the rate of climb, and was

then gradually increased to a maximum of 18.8 °. The

airplane flew at the stick-shaker angle of attack for
about 7 sec. The average shear and airspeed rates

were 3.8 and 2.0 knots per sec, respectively. The ini-

tial pitch reduction at low altitude may seem counter-

productive, but had it not occurred, the stick-shaker

angle of attack would have been reached with more

shear remaining, and greater altitude loss would have

resulted. The results of this and other efforts (ref. 5)
can be interpreted to indicate that if a recovery re-

quires the use of stick-shaker angle of attack, that

angle of attack should not be reached until the end
of the shear for optimum performance. Since the lo-
cation of the end of the shear is not known in an

actual encounter, flight at the stick-shaker angle of

attack must be postponed as long as possible.

Enhanced Flight-Path-Angle Strategy

The enhanced flight-path-angle strategy produced

the same results as the simple flight-path-angle strat-

egy when tested in the same shear with the same ini-

tial conditions. Both produced a recovery altitude of
96 ft. The results are the same because the airplane

never reached the higher altitudes, where the strate-

gies differ. As is discussed in the section "Sensitivity

of Strategies to Shear Encounter Variations," the en-

hanced flight-path-angle strategy did perform much

better than the original flight-path-angle strategy in
other scenarios.

Acceleration Strategy

The time histories produced by the acceleration

strategy for various gains are shown in figure 8.

Gains of 0.0, 0.4, 0.5, and 1.0 are plotted. The

flight with the gain equal to 0.0 produced an im-

mediate pitch-down from 12 ° to 4° after shear entry.

The airspeed decreased from 163 knots to 158 knots

during the reduction in pitch, and then remained at
158 knots to impact. The speed loss was partially the

result of the pitch-rate limit of 2°/see. At the other
extreme, a gain of 1.0 produced an initial pitch-up

from 12 ° to about 27 ° , where the stick-shaker angle

of attack was reached. The airplane then began to

pitch down, in an attempt to limit the angle of attack,

and continued to pitch down until impact. The pitch-
rate limit prevented the control law from maintaining

the stick-shaker angle of attack, and an angle of at-

tack of 21.5 ° was reached during the descent. A min-
imum airspeed of 97 knots was reached. These plots

are shown only to illustrate the extremes in airplane

energy distribution across the shear. Gains of 0.4 and

0.5 produced successful flight paths. Gains at or be-
low 0.3 and at or above 0.6 resulted in crashes. With

a gain of 0.4, the recovery altitude was 46 ft. Upon

entering the shear, the airplane initially pitched down

from 12° to 8.8 °, before smoothly pitching up to 14 °,

where the stick-shaker angle of attack was reached.

The stick-shaker angle of attack was reached while

exiting the shear, and the airplane continued pitch-

ing up, while maintaining the stick-shaker angle of
attack, to 20 ° . The minimum airspeed reached was

127 knots. The average deceleration during the shear

was 1.7 knots/see, and the average horizontal shear

was 3.9 knots/see. The ratio of airplane deceleration

to horizontal shear was slightly higher than the gain,
because the control law also included the effects of

vertical winds.

When the gain was increased to 0.5, the recovery

altitude decreased to 41 ft. The airplane initially

pitched down from 12 ° to 10.8 ° before smoothly

pitching up to 16.5 ° , where the stick-shaker angle

of attack was reached (about 3 see prior to exiting

the shear). The stick-shaker angle of attack was

maintained for 14 see. The recovery altitude was

reached while at the stick-shaker angle of attack.

The minimum airspeed was 117 knots. The average

deceleration was 2.2 knots/see, and the average shear

was 3.8 knots/see.

Sensitivity of Strategies to Shear Encounter
Variations

In an effort to determine the robustness of the

various strategies to variations in the microburst

encounters, runs were made with an initial-climb

pitch of 16 ° and with 5 percent weaker and stronger

shears. All previous runs were made with an initial-

climb attitude of 12 °. A 16 ° pitch attitude is more
typical of a normal climb where wind shear is not

expected. All previous runs were made with a change
in horizontal wind of 80 knots. Additional runs were

made with total shears of 76 knots and 84 knots.



Thelengthof theshearremainedconstant,andthe
verticalwindswerescaledwith thehorizontalwind
magnitude.

The effecton recoveryaltitude of varyingthe
initial-climbpitchandshearentryaltitudeis shown
in figure9. Increasingthe initial-climbpitch in-
creasedthealtitudeat whichtheshearwasentered,
fromabout75 ft to 122 ft (since the airplane enters

the shear after flying 500 ft from the initial point),

and increased the rate of climb at shear entry, from

876 ft/min to about 1800 ft/min.

The higher initial-pitch attitude slightly increased

the recovery altitude of the pitch strategy, from

10 ft to 13 ft (fig. 10), but significantly lowered the

recovery altitude of all other strategies. Although the

pitch strategy recovered at a slightly higher altitude

with an initial pitch of 16° , the recovery required

flying at the stick-shaker angle of attack for 6 sec.

In the 12 ° initial-pitch case, the stick-shaker angle of

attack was never reached during the recovery.

The two strategies that simply attempt to hold

altitude, the pitch/vertical-speed strategy and the

simple flight-path-angle strategy, crashed when the

steeper initial climb was used. The time histories

for these two strategies are nearly identical, and the

time histories produced by the simple flight-path-

angle strategy are shown in figure 11. With the lower

initial-climb pitch, these two laws had the best per-
formance with recovery altitudes of 96 ft. The differ-

ence is that in the 12 ° initial-pitch runs, these strate-

gies quickly arrested the climb at an altitude of 100 ft

to 110 ft and then maintained level flight. In the 16 °

runs, the climb was not arrested until the airplane

had climbed to about 190 ft. The airplane lost about

5 knots more speed while arresting the steep climb

than was lost arresting the shallow climb. The air-
plane attempted to maintain altitude in the stronger

downdraft at the higher altitude, and the excess po-

tential energy was not used to maintain kinetic en-

ergy. The stick-shaker angle of attack was reached

about 5 sec before exiting the shear, and a phugoid

cycle began. Even though the airplane exited the

shear at an altitude of about 140 ft and airspeed was

increasing, impact could not be prevented.

The performance of the acceleration strategy

(fig. 12) was also degraded by the higher initial-climb

pitch, but to a lesser degree. The minimum recovery
altitude was reduced from 46 ft to 21 ft. This strat-

egy also arrested the climb at a higher altitude, up
from 110 ft to 192 ft, but then allowed a descent to

convert this excess potential energy to airspeed. By

the time the stick-shaker angle of attack was reached,
the airplane had descended to 130 ft and was 3 sec

from exiting the shear.

The enhanced performance of the flight-path-

angle strategy is shown in figure 13 and was degraded

less severely by the steeper climb. The minimum re-

covery altitude was reduced from 96 ft to 82 ft. This

strategy also arrested the climb at a higher altitude

(191 ft) in the steep climb case than in the shallow

initial-climb case (100 ft), and initiated an immedi-

ate descent to 100 ft. The airplane had rotated to

stop the descent at 100 ft, and was 1 sec from exiting

the shear, when the stick-shaker angle of attack was
reached. This angle of attack was maintained as the

airplane settled to 82 ft and began to climb away.

The effect on recovery altitude of varying the

shear strength is shown in figure 14. The two strate-

gies, pitch and acceleration, that do not close a loop

on altitude or flight-path angle show a large sensi-

tivity to both a 5-percent decrease and a 5-percent

increase in shear strength. The recovery altitude of

the pitch law (fig. 15) was increased 24 ff (240 per-

cent) with the weaker shear. The airplane did not
recover in the stronger shear. The recovery altitude

of the acceleration strategy (fig. 16) increased 29 ff

(63 percent) with the weaker shear and decreased

31 ft (67 percent) with the stronger shear.

The three strategies that control rate of climb or

flight-path angle showed very little sensitivity to re-

duced microburst strength, but showed sensitivity to
the increased microburst strength that was similar

to that for the pitch and acceleration strategies. The
histories produced by the enhanced flight-path-angle

strategy are shown in figure 17. With the weaker

shear, the recovery altitudes were only increased by

4 ft to 13 ff (4 percent to 14 percent), because the

strategy could not predict that the airplane would

exit the shear with more airspeed margin than neces-

sary and did not use all the available energy to climb.

The recovery altitudes were reduced by 44 ft to 54 ft

(46 percent to 56 percent) by the stronger shear.
Compared with the pitch or acceleration strategies,

the flight-path-angle strategies produced a larger re-

duction in recovery altitude with the stronger shear.

However, recovery still occurred at a much higher al-

titude, and the percent change in recovery altitude

was smaller. The average change in recovery altitude

for all strategies was 60 percent.

In general, the effect of the shear strength on
recovery altitude change is related to the occurrence

of stick-shaker angle of attack just as the airplane is

exiting the shear. In the critical midstrength shear,

the airplane had enough energy to delay reaching the

stick-shaker angle of attack until just prior to exiting

the shear. The airplane then developed a sink rate,
but was able to accelerate and recover after exiting

the shear. By slightly reducing the strength of the

shear, the limiting angle of attack was not reached

9



until the airplaneexitedthe shear,time spentat
stick-shakerangleof attack wasreduced,and the
sinkratedid not develop.By slightlyincreasingthe
shearstrength,the limiting angleof attackoccurred
sooner,andthephugoidmodebecamewelldeveloped
beforeexitingtheshear.

Concluding Remarks

Since tile microburst exists over a given distance,

and since the airplane total-energy rate is negative

while traveling that distance, the best recovery pro-

cedure (from a performance perspective) minimizes

the time spent in the shear and keeps the airplane

flying above tile stick-shaker airspeed for the great-
est possible ground distance. Any unnecessary climb

reduces the airplane speed excessively, increases the

time spent in the shear, places the airplane in a

stronger downflow, and leads to earlier stick-shaker

activation. With no knowledge of how long the shear

will last, tile activation of stick shaker must be de-

layed as long as possible, because at that point the

airplane phugoid mode is excited and a descent can

no longer be prevented.
The characteristics of a recovery procedure that

best utilizes available airplane energy in a takeoff
microburst encounter include an initial reduction in

pitch attitude early in the encounter to reduce the

climb rate, an increase in pitch-up to stick-shaker

angle of attack late in the encounter, the smallest

angle of climb necessary for obstacle clearance, and,

if at a higher altitude than necessary, an intentional

descent to reduce the airspeed deceleration. The rate
of descent should be small and should be varied with

airplane altitude to prevent undershooting a given
minimum altitude.

In this study, the strategies that produced the
highest recovery altitudes were the ones that were

based on altitude rate or flight-path-angle control.

The pitch strategy and the acceleration strategy pro-
duced the lowest recovery altitudes and the greatest

sensitivities to changes in shear strength or airplane

initial conditions. The altitude-rate and flight-path-

angle strategies produced the highest recovery alti-

tudes and the lowest sensitivities to changes in shear

strength or airplane initial conditions. Minimum alti-

tudes reached during recoveries were, in general, very

sensitive to small changes in microburst strength; 5-

percent changes in shear strength produced an aver-

age 60-percent change in recovery altitude. The en-
hanced flight-path-angle strategy had the best overall

performance.

The results indicate that recovery procedures

based on flight-path angle are the most promis-

ing, and that additional research is needed in this

area. In particular, the research needs to address

(a) using in situ and look-ahead wind-shear data to

predict the climb angle that is possible in a given
encounter, (b) the effects of turbulence and more

complex shear structures on the recovery strategies,

(c) piloting factors such as guidance display options

and the ability to follow the guidance, (d) airline and

Federal Aviation Administration procedural policies

and regulations, and (e) the actual obstacle clearance
requirements at airports. Extension of the work to

the approach-to-landing ease is also necessary.

NASA Langley Research Center
Hampton, Virginia 23665-5225
July l, 1988
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Appendix

Acceleration Strategy Control Law

One guidance strategy tested was based on decel-

erating the airplane as a function of the microburst

strength. The microburst strength is defined by the

"F-factor," which describes the change in airplane
potential flight-path angle caused by the horizontal

wind rate and the vertical wind magnitude. The
F-factor is defined as

Wz Wh
S - (A1)

g V

The governing equation for the control technique
t.hen becomes

9
-- + AF = 0 (A2)
g

One method of controlling speed rate is to control

the drag term in the potential climb-angle equation

by controlling angle of attack. The derivation begins
with

(T - D) I¢I/'x
(A3a)

")'a,p -- W g

or

T- D Wx

w "[a,p g -- 0 (A3b)

The difference between the potential climb angle and

the actual climb angle is

9
_a,p - "_a = -- (A4)

g

Solving for "la,p and substituting into equation (A3b)
gives

W "/a + -- 0 (A5)g

and setting _ = -AF gives

T-D Wx

W % + AF - 0 (A6)g

Substituting the definition of F yields

T - D A) IiVx AWh
W % - (1 - - 0 (A7)g V

If

(1 A) l'_x AWh- + - G (AS)
g V

then equation (A7) simplifies to

T-D
"_a - C = 0 (A9)

W

A target drag value can now be defined as

D = T- W(% + G) (A10)

where thrust and weight are fixed, _a and G are

independent variables, and G is a function of the gain

A and the wind-shear strength. The drag is assumed
to be in the form

OCD OCD 2"_D = Sq CD,o + -_-_--_ + --0--_-2c_ ) (all)

which, when combined with the equation (A10), gives

OCD OCD 2 T- W(qa + G) (A12)
CO, o + _ + _ ol = Sq

Solving for angle of attack with the quadratic formula

yields

oC

(A13)

This solution cannot be used directly, because the

square root may produce complex results and two

values of angle of attack are produced. Fortunately,

the term under the square-root sign can be limited
to nonnegative values, and only the larger of the two

angle-of-attack values is reasonable. This process
produces the solution

TEMP=(OCD_2.0CD( T-W("ta+G))\ Oqa / --4-'0"_ 2 CD'°- Sq

(A14)

If TEMP in equation (A14) is less than or equal

to zero, then TEMP is set equal to zero. The

nonnegative limit on the term under the square-root

sign was tested in shear to determine when it. was

active. The limiting only took place during initial

pitch-down maneuvers upon shear entry, while the

airplane was pitching down its limit pitch rate. The

nonnegative term limit was therefore not affecting

the results obtained with this strategy.
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For this simulation,the partial derivativesof
the dragcoefficientwereestimatedfor theangle-of-
attackrangeof interest(about6° to 16°) to be

CD, o = 0.07177

i)C D
.... 0.378

Oa

where angle of attack was expressed in radians. The

computed angle-of-attack goal was compared with

the actual angle of attack to determine pitch error,
which was used to generate a pitch rate on the

airplane.
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Figure 17. Enhanced flight-path-angle strategy with three wind-shear magnitudes.
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